Low carbon steel was deformed under double strain path changes consisting in three successive tension tests carried out in different directions with respect to the material symmetry axes. The influences of the strain amounts and severity of strain path change in the reloading yield stress and subsequent strain hardening were investigated in detail. The trends captured using the homogeneous anisotropic hardening approach, which is based on a homogeneous yield function, are in good agreement with the experimental results. Forming processes generally involve nonlinear deformation paths with abrupt changes under single-or multiple-step operations. During highly nonlinear strain paths, large changes in the reloading yield stress and extended transient stages in hardening rate are the main features. Such complex behaviors may be analyzed by means of the stress-strain curve, and microstructural and crystallographic textural evolutions. [1] [2] [3] [4] Several models that describe the material behavior under complex loading were proposed in the past.
Forming processes generally involve nonlinear deformation paths with abrupt changes under single-or multiple-step operations. During highly nonlinear strain paths, large changes in the reloading yield stress and extended transient stages in hardening rate are the main features. Such complex behaviors may be analyzed by means of the stress-strain curve, and microstructural and crystallographic textural evolutions. [1] [2] [3] [4] Several models that describe the material behavior under complex loading were proposed in the past. [5] [6] [7] [8] The current study is linked to the dislocation density-based (continuum) hardening model (called RGBV in the current article) recently proposed by Rauch et al. [9] and to the Homogeneous Anisotropic Hardening approach (usually called HAH) proposed by Barlat et al. [10, 11] The RGBV model was specifically developed for addressing a single strain path change. This approach, based on simple modeling of the main physical processes, has previously demonstrated good predictive capabilities. [8] It is based on the observation that strain path changes tend to disintegrate prestrain dislocation structure whatever their nature, as demonstrated by mechanical tests combining strain path changes and temperature jumps. [3] The corollary is that it is sufficient to handle the dislocation density-evolution, rather than their arrangement to predict the observed mechanical behavior. Consequently, it was assumed that the dislocation population may be separated into reversible (q r ), forward (q f ) (i.e., nonreversible), and latent (q l ) types. The reversible types, which are activated by reverse shear, contribute to strain before they are annihilated during the plastic process. [8, 9] Basically, the RGBV model defines the flow stress as a function of the dislocation density (Eq. [1] ) allowing for the description of workhardening stagnation and softening after load reversal and cross loading, respectively.
The parameters in this expression are the initial yield stress r 0 , the dislocation interaction coefficient a, the elastic shear modulus l, the Burgers vector intensity b, the Taylor factor M, and a latent hardening coefficient L.
The extended RGBV model was validated through its implementation in the so-called visco-plastic self-consistent (VPSC) polycrystal plasticity code, [12] which allows the evolution of different dislocation densities to be followed for each slip system in each grain. [13] In that case, the effect of texture evolution on the stress-strain response (geometric hardening) is explicitly accounted for.
Conversely, since full crystal plasticity can be timeconsuming while using in application such as metal forming, a continuum constitutive description called HAH was developed to incorporate the RGBV dislocation density-based model. [10] Similar to the crystal plasticity-based model, the HAH approach is valid not only for a single strain path change but also for any loading history. The HAH model is also able to capture, unlike RGBV, the behavior at very low plastic strains, typically less than 2 pct. In particular, it allows for a good description of the Bauschinger effect even though it is not based on the assumption of a back-stress and its associated kinematic hardening. The HAH model is a homogeneous yield function defined with a stable component, associated with an isotropic or anisotropic yield function, and a fluctuating component, which distorts the overall yield surface shape in case of change of strain path. However, the rapidly fluctuating component does not change the yield surface shape near the active stress state for proportional loading. In that case, HAH leads to a plastic response identical to that predicted using isotropic hardening.
A proper way to probe the validity of the previously described dislocation density-based model, either combined with HAH or crystal plasticity, is to conduct experiments that do not involve a single strain path change. Among the unlimited possibilities, the double strain path change in uniaxial tension is the simplest experiment permitting collection of pertinent data. In the current study, three sequential tensions tests were carried out according to the description represented in Figure 1 and Table I . The angles between the first (TD1) and second (TD2) tension tests were selected on the basis of the parameter h introduced by Schmitt et al. [14] This parameter, which is the normalized double dot product of the strain tensors imposed before unloading (e p ) and after reloading (e), characterizes the severity, or amplitude, of the strain path change. The values of this parameter vary from 1 for monotonic loading to À1 for complete reversal. For an isotropic material subjected to two-step tension experiments, the cross-loading condition, which is associated to latent hardening (h = 0), occurs when the angle between the two tensile tests is about 55 deg. The angles selected in the current study for the first strain path change are 30, 48, 55, and 90 deg, which lead to h values between 0.5 and À0.5.
The material used in this research is a low carbon steel. Plastically, the material is weakly anisotropic, but is sensitive to strain path changes. All the tests were performed on a Shimadzu AG (50 kN) tensile testing machine using a strain rate of 10 À3 s À1 . The strain was measured with a video extensometer ME 46. The first loading step was uniaxial tension in the rolling direction (RD) up 6 pct strain. The second tensile test was conducted in different directions and up to different strain levels, namely, 2, 5, and 10 pct. The third test was uniaxial tension in the RD again. Figure 2 shows the true stress-true strain curves corresponding to the loading conditions described in Table I . In all the graphics, the reference curve corresponds to the as-received material deformed in uniaxial tension in the RD. During the second loading, a small overshooting of the yield stress was detected for the sequences ''a'', ''b,'' and ''c'', followed by a moderate work-hardening rate compared with the reference curve, which is in perfect agreement with the literature concerning one single strain path change. [2] After the third loading, it can be observed that the mechanical response depends on the prestrain level. For 2 pct strain in the second step, the reloading stress occurs at a level between the flow stresses of the first and second tension steps. This suggests that, the memory of the first loading (i.e., the slip systems activated on the previous loading) dominate, and the contribution of the systems activated during the second loading is weak. Increasing the amount of prestrain to 5 pct during the second step gives rise to a very small overshooting of the flow stress. Then, the stress tends to recover the level of the reference curve. This 5 pct strain level seems to be close to the amount at which, the memory of the first step is completely lost. Further increase of the second step strain level leads to a large overshooting of the stress followed by rapid plastic flow localization.
The intensity of the phenomena described above depends on the amplitude of the strain path change during the second tension step, with the largest effect observed when the second loading is performed at 48 deg from the rolling direction. Such a condition is likely to correspond to that of cross-loading (i.e., h = 0) for this material.
For sequence ''d,'' a rounded yielding followed by a large transient hardening stage is observed during the second loading. In this case, overshooting is not observed. Furthermore, yielding occurs at lower flow stress with respect to the reference. This behavior is usually typical of reverse loading, which is consistent with the value of the parameter h for this strain path change. h is about À0.5, which is close to complete reversal. For the third loading, if the second step is conducted up to 2 pct strain, no transient hardening stage was observed, which indicates that the microstructure built up during the first loading prevails over that of the second. If the second step is conducted up to 5 pct strain, again a rounded yielding followed by a transient hardening stage is observed. When the second tension step is conducted up to 10 pct strain, premature plastic flow localization occurs but the maximum flow stress achieved is still lower than the stress corresponding to the reference curve. Figure 3 demonstrates that the parameter h, which characterizes the amplitude of a strain path change, is insufficient for a complex loading history. Assuming three strain steps orthogonal with each other represented by the strain tensors e 1 , e 2 , and e 3 in Figure 3 . In this order, both of the two orthogonal strain path changes are characterized by h = 0. However, the sequence e 1 , e 2 , and e 3 would also lead to two orthogonal path changes characterized by h = 0 as well. However, the material behavior is likely to differ in these two sequences, especially if the strain amount of the second strain path is low. This is due to the material memory effect that is contained in the microstructure. Thus, for a complex loading history, the so-called microstructure deviatorĥ is introduced. This state variable tends to be coaxial with the current loading direction but evolves gradually, thus preserving a memory effect that disappears after some amount of plastic deformation. In Figure 3 , if the strain level during the second strain path is low, thenĥ remembers the direction of the first path. This is exactly what is observed in the experiments described above. The three-step tension tests were modeled using the HAH approach combined with the RGBV model. The yield function is defined as
where s is the stress deviator, and q is a constant exponent (q = 2 here). / s ð Þ is the so-called stable yield function, andĥ is the microstructure deviator, a tensorial state variable that represents the microstructure evolution during the loading history. The yield surface distortion is controlled byĥ and a number of state Fig. 2 -True stress-true strain curves of sequences described in Table I . variables, which are included in the parameters f k (see References 10, 11 for details). Since h is no longer sufficient to memorize the loading history, the amplitude of the strain path change is characterized by another parameter:
In the simulations, the von Mises yield function was considered. For the mild steel, the coefficients of the constitutive description, which are detailed elsewhere, [11] are listed in Table II . Figure 4 shows the predicted stress-strain curves with the second step either at 45 or 90 deg with respect to the RD. They are qualitatively in good agreement with those of the experiments. The quantitative agreement is reasonable as well considering that the coefficients used in these simulations are those of a different mild steel that was studied previously. Figure 5 shows the evolution of the normalized yield surface after the tension steps at RD, 90 deg, and RD for different strain levels during the second tension step. This figure illustrates the yield surface distortion and its evolution with strain. They also show the latent hardening (yield surface deforms more in the cross-direction) that develops during the first step.
In summary, the mechanical behavior of low carbon steel under double strain path change consisting of three uniaxial tension steps was investigated. In particular, the strain amount of the second step and the severity of the corresponding strain path change were analyzed. It was shown that these parameters significantly influence the mechanical response of the material. The memory effect of the first tension step, conducted up to 6 pct, on the second step was observed, but this history appears to be lost after 5 pct strain during the second step. The Homogeneous yield function-based Anisotropic Hardening model was employed to simulate these experiments. The HAH model well captured the trends observed during the double strain path change experiments.
JG, FB, and GV acknowledge the supports received from Portuguese Foundation of Science and Technology (FCT) Projects PEst-C/EME/UI0481/2011 and PTDC/EME-PME/116683/2010.
